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A B S T R A C T
In both chemo- and biocatalysis the immobilization of catalysts to carriers is often beneficial in terms of catalytic
activity and ease of operation. In the present study we encapsulated an enzyme, β-D-glucosidase, inside ther-
mosensitive poly(N-acryloyl glycinamide) microgels by radical polymerization of N-acryloyl glycinamide in the
presence of the enzymes. Properties of these hybrid microgels were studied varying the enzyme-monomer ratio
and the degree of crosslinking. The enzymatic activities of the microgels were assessed using a model reaction,
enzymatic cleavage of p-nitrophenyl-β-D-glucopyranoside under different conditions. The microgel encapsulated
enzymes showed enhanced activity at high pH compared to the native enzymes. Once the enzymatic activity of
the microgels was ascertained, introduction of silver nanoparticles inside the enzyme carrying microgels was
made to develop bicatalytic systems. The bicatalytic microgels were shown to be capable of carrying out a
cascade reaction combining enzymatic catalysis and reduction of the reaction product 4-nitrophenol to 4-ami-
nophenol.
1. Introduction
Enzymes are widely utilized in a range of industries due to their
ability to catalyze reactions at high specificity under mild conditions
[1–3]. Metal nanoparticles (NP) on the other hand fall in the class of
chemocatalysts and they are actively studied for heterogeneous cata-
lysis as their large surface to volume ratio enables increased efficiency
in many transformations [4,5]. The coupling of enzymatic reactions
with metal nanoparticle catalyzed reactions in a tandem fashion can
open up new possibilities in organic transformations. However, such
catalysis in one-pot often becomes challenging due to inactivation of
either or both of the catalysts. As for enzymes, their use is complicated
by the intolerance to harsh conditions (e.g. pH or temperature) in their
native form. For metal nanoparticle catalysis the small size of NPs to-
gether with the high surface energy makes them prone to self-ag-
gregation leading to loss of activity and complicates their separation
from the reaction media and concurrent use. For both enzymes and NPs
immobilization to suitable nanoscale carriers is a key to their successful
application [6,7].
Polymeric carriers are used to encapsulate both enzymes and metal
NPs. Among the variety of polymeric structures microgels, nano- or
micrometer sized polymer networks capable of forming stable colloidal
dispersions in water or other solvents, are used as catalyst carriers
[8,9]. Their solvent filled, highly porous structures allow the diffusion
of reactants and products in and out of the networked structure
simultaneously stabilizing and allowing the separation of the catalysts
after the reaction. Microgel encapsulated enzymes prepared either by in
situ polymerization [10–14], or by encapsulating the enzymes to pre-
formed microgels [15,16] have been reported. In the case of microgel
encapsulated metal nanoparticles, the most studied routes are based on
the reduction of metal salts, for example gold or silver, inside pre-
formed microgels [17–19]. In quest for systems capable of more com-
plex catalytic transformations, cascade or tandem reactions, simulta-
neous encapsulation of both enzymes and NP catalysts has also been
recently demonstrated [20,21].
In addition to simply encapsulating the catalyst to a permeable
polymer matrix, the catalytic activity of enzymes or metal nanoparticles
can be tuned by employing thermoresponsive polymers. The phase
transition of the polymers then provides an additional handle to ma-
nipulate the catalytic activity by changes in reactant solubility and
permeability and allows also for recovery or reuse of the catalysts.
Especially polymers with a lower critical solution temperature (LCST)
type of temperature response have been widely used as carriers for
enzyme immobilization [22]. However, most of the studied LCST-type
thermoresponsive polymers become insoluble below the optimal tem-
perature for enzyme catalysis and the contraction of the polymer may
limit the diffusion of the reactants [15,16,23,24]. Upper critical solu-
tion temperature (UCST) type polymers are tempting due to their op-
posite behavior and the fact that they can be recycled by precipitation
at low temperatures, but so far they have been used as catalyst carriers
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with covalently surface immobilized enzymes [25,26].
Here, we present a study of straightforward immobilization of β-D-
glucosidase (BG) inside UCST-type thermosensitive poly(N-acryloyl
glycinamide) (PNAGA) microgel networks. The BG-PNAGA hybrid mi-
crogels are carefully characterized and the effect of encapsulation on
the enzymatic catalysis is investigated. Further encapsulation of silver
nanoparticles (AgNPs) to the enzyme containing microgels is a simple
and efficient way of turning the hybrid microgels into bicatalytic sys-
tems.
2. Experimental
2.1. Materials
Glycinamide hydrochloride (Bachem) and acryloyl chloride (Sigma
Aldrich) were used as received. N-acryloylglycinamide (NAGA)
monomer was prepared as described earlier [19]. N,N′-methylenebis
(acrylamide) (BIS, Merck) was recrystallized from methanol. Ammo-
nium persulfate (APS, Merck) was recrystallized from Milli-Q water.
N,N,N′,N′-tetramethylethylenediamine (TEMED, Merck), β-D-glucosi-
dase from almonds (BG, Sigma Aldrich, nominal molar mass 135000 g/
mol), p-nitrophenyl β-D-glucopyranoside (pNGP, Sigma Aldrich) were
used as received. Other substances and solvents with the highest purity
were used as received. Milli-Q water was used for synthesis and deio-
nised (DI) water for purification. Regenerated cellulose dialysis tubing
with a molecular weight cutoff of 12–14 KDa used for polymer pur-
ification was from Spectrumlabs.
2.2. Synthesis of enzyme microgels
BG-PNAGA microgels were fabricated with a method adapted from
enzyme encapsulated polyacrylamide synthesis reported earlier [10].
The feed ratios for the β-glucosidase, redox initiator APS, catalyst
TEMED and stabilizer sucrose were kept constant, while the NAGA
monomer and crosslinker BIS concentration were varied. As an ex-
ample, synthesis of BG-PNAGA6 was done as follows. β-D-glucosidase
(9.41 mg, 0.7 × 10−4 mmol), NAGA (53.3 mg, 0.42 mmol), BIS
(11.03 mg, 0.072 mmol) and sucrose (250 mg, 0.73 mmol) were first
dissolved in 5 mL PBS (50 mM, pH= 6.1) in an 8 mL glass vial followed
by purging N2 for 40 min. The reaction was then initiated by adding
TEMED (4.05 mg, 0.035 mmol) immediately after APS (7.96 mg,
0.035 mmol) addition. The reaction mixture was kept at room tem-
perature for 4 h, sampled for conversion determination and extensively
dialysed against deionized water followed by lyophilization. The syn-
thesized microgels are shown in Table 1.
2.3. Silver nanoparticle (AgNP) synthesis
The syntheses of the hybrid Ag-BG-PNAGA and Ag-PNAGA micro-
gels was done as previously reported for Ag-PNAGA microgels [19].
Briefly, 14.71 mg of BG-PNAGA6 microgel was dispersed in 5 mL of
deionized water. AgNO3 in water (5 mL, 0.32 mg mL−1) was added and
the dispersion was kept under stirring purging with N2 for 2 h before
washing out the free Ag+ by dialysis against deionized water for an-
other 2 h. Fresh aqueous NaBH4 (5 mL, 2.42 mg mL−1) was added
dropwise to microgel dispersion in ice bath to initiate the reduction and
reaction continued in ice bath for 4 h before dialysis against deionized
water for 24 h. Subsequently, the microgel dispersion was filtered
through cotton to remove any possible aggregates and lyophilized.
2.4. Catalysis studies
The enzymatic catalysis was studied by UV following the cleavage of
the model compound p-nitrophenyl-β-D-glucopyranoside (pNPG). To
monitor the reaction, 3 mL fresh 10 mM pNPG in PBS was added to a
standard 10 mm quartz cuvette followed by addition of 50 μL of enzyme
or microgel dispersion under predefined conditions for temperature or
pH. The reaction was then followed by monitoring the absorbance
change at 405 nm indicating the cleavage of pNPG to 4-nitrophenol, see
Supplementary material Figure S1. The apparent reaction rate constant
k( )app was calculated from the increment of the absorbance at 405 nm
using the pseudo-first order kinetic equation, − = −P C k tln(1 [ ]/[ ]) app0 ,
where P[ ] is the concentration of the product, 4-nitrophenol, at time t
and C[ ]0 the concentration of pNPG at the beginning. In order to com-
pare the enzymatic activities of the microgels to the native enzyme, the
enzyme content of the microgels was estimated directly from the feed
ratios used in the synthesis.
The cascade reaction was tested first allowing the enzymatic clea-
vage of pNPG (0.89 mM, 3 mL) for a predetermined time using the same
protocol as above. Then fresh aqueous NaBH4 (0.5 mL, 12 mg mL−1)
was added and the reaction monitored following the absorbance decay
at 405 nm indicating the 4-nitrophenol reduction.
2.5. Characterization
The UV–Vis spectra as well as the absorbance changes of pNGP and
4-nitrophenol spectra were recorded on a Jasco V-750 spectrometer
equipped with a CTU-100 circulating thermostat unit. 1H NMR spectra
of the monomers and polymers were recorded on a 500 MHz Bruker
Avance III spectrometer in D2O. For NMR studies, the sample con-
centrations were made to 5 mg mL−1 in D2O. Variable temperature
intensity changes were analyzed by comparing the areas of the residual
HDO solvent signal to the polymer signals. Microcalorimetric mea-
surements of the samples in PBS at pH 6.1 were performed using
Malvern Microcal PEAQ-DSC equipped with a measuring cell of
0.13 mL. Heating and cooling scans were made at a heating rate of
60 °C/h and sample thermograms obtained by subtracting a baseline
recorded for the solvent prior to the measurements. Mean hydro-
dynamic diameter (Dh) of the microgels (1 mg/mL in PBS at pH 6.1) as
a function of temperature were determined using a Malvern Zetasizer
Nano ZS (laser wavelength: 633 nm, scattering angle: 173°). Prior the
measurements the samples were filtered through 0.45 um PVDF filters.
TEM measurements were carried out using a Jeol JEM-1400 transmis-
sion electron microscope. The microgel samples were placed on a
Pioloform coated, glow discharge treated 200 mesh Cu grids and dried
at ambient temperature.
Table 1
Enzyme microgel syntheses.
Samplea Type BG:NAGA [molar ratio] BIS [mol-% NAGA] BG [m-%]
PNAGA reference 0:4200 3
BG-PNAGA4 high enzyme, low xlink 1:4200 3 19
BG-PNAGA10 low enzyme, low xlink 1:10600 3 8.6
BG-PNAGA6 medium enzyme, high xlink 1:6000 16.7 11.5
a The sample code refers to excess of NAGA to BG.
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3. Results and discussion
3.1. Synthesis of enzyme microgels
Polymerizations of N-acryloyl glycinamide in the presence of β-D-
glucosidase were used to prepare BG-PNAGA microgels, Table 1. The
syntheses progressed to full conversions during the 4 h reaction time.
After reaction the microgels were extensively purified by dialysis in
order to remove any free enzyme and low molar mass compounds.
The enzyme encapsulation was first verified by UV-measurements,
see Fig. 1. The enzyme containing microgels exhibit the expected BG
absorption centered at 260 nm. From the signal intensity it can be seen
that the amount of incorporated enzyme is in general in line with the
synthesis feed. However, due to the scattering related baseline distor-
tion from the microgel samples, it was deemed unreliable to quantify
the enzyme content using UV data. Instead the feed ratios of enzyme
and monomer were directly used in quantification of the catalytic ac-
tivity assuming that all enzyme was incorporated in the microgels.
The enzyme incorporation was further studied by 1H NMR spec-
troscopy. The spectra of the BG and BG physically mixed with PNAGA
microgel in molar ratio of 1:1000 (mass ratio 1:1) both show clear
signals from the enzyme, Fig. 2a. The enzyme containing microgels do
not show clear signals arising from the BG. While the BG-PNAGA mi-
crogels have only four to ten times smaller amount of incorporated
enzyme according to feed ratio compared to the physical mixture, we
attribute this behavior to the PNAGA network formation around the
enzymes that suppresses the enzyme NMR signals. Furthermore, the
NMR spectra shows that the dialysis has removed the low molar mass
compounds, especially the sucrose used as stabilizing agent in enzyme
encapsulation.
The NMR signal intensities of PNAGA can be used to monitor its
UCST-type phase transition behavior as it shows increased signal in-
tensity upon heating. NMR spectra BG-PNAGA6 recorded at different
temperatures, Fig. 2b, show that the microgel with encapsulated en-
zymes retain the thermal response of PNAGA. Compared with pure
PNAGA microgel, the incorporation of the enzyme in the network leads
to more pronounced polymer signals for BG-PNAGA6 throughout the
temperatures studied and the PNAGA phase transition begins at slightly
lower temperature. The observations confirm the successful en-
capsulation of the hydrophilic enzyme inside the gel particles.
Microcalorimetry experiments were performed in order to assess the
thermal behavior of the microgels and the enzyme. For PNAGA mi-
crogel, the thermogram reveals a broad endothermic transition between
30 °C and 55 °C related to the UCST-type phase transition, Fig. 3. En-
thalpic phase transition of PNAGA has earlier been observed for linear,
monodisperse PNAGA polymers in water where the transition occurred
at a temperature interval of 5–30 °C [27]. The elevated temperature of
the transition in the present case may be related to minute impurities in
the NAGA monomer, buffered solvent used or to heterogeneous net-
work structure of the microgels, as the phase transition of PNAGA de-
pends heavily on molar mass and solvent among other factors [27].
β-D-glucosidase on the other hand shows a two-step endothermic
transition starting at around 55 °C regardless of concentration, Fig. 3
and S2. Two endothermic maxima are observed, the first at 70 °C and
the second at 85 °C. After 85 °C the signal deviates significantly from
the baseline. The enthalpy of the transitions, though difficult to quan-
tify accurately due to the BG baseline deviation, is around 300 kJ/mol.
According to Tanaka [28] the maxima can be interpreted to originate
from unfolding of different domains in the protein and the deviation
from the baseline at high temperatures due to aggregation followed by
precipitation.
When the PNAGA microgel and BG are physically mixed en-
dothermic transitions of both components are observed, see Fig. 3 and
S2. Changing the mixing ratio leads to a change of intensities of the
respective endothermic signals. The phase transition temperatures for
both components are the same as for the individual components at 1:1
mass mixing ratio, but a slight shift to higher temperature related to BG
unfolding is observed when PNAGA is used in excess. For the mixtures
the PNAGA phase transition is broadened and the aggregation of BG is
suppressed, probably indicating the presence of weak interactions be-
tween the enzyme and the polymer. The enthalpy of the BG transition is
much lower than that of the free enzyme, of the order of 100 kJ/mol.
The BG-PNAGA microgels also show separate transitions of PNAGA
and BG. The PNAGA transition is shifted to lower temperature, which
correlates with the variable temperature NMR data. Importantly, the
Fig. 1. UV spectra of BG, PNAGA, BG-PNAGA4, BG-PNAGA10, BG-PNAGA6.
Fig. 2. A) 1H NMR spectra of BG, a physical mixture of PNAGA and BG, PNAGA
and BG-PNAGA6 at 22 °C B) 1H NMR spectra of BG-PNAGA6 at different
temperatures; inset showing the corresponding intensity changes.
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unfolding transition of BG is shifted to higher temperature, starting at
around 65 °C and no baseline distortion takes place at elevated tem-
peratures. The enthalpies of the transitions, although the analyses are
complicated by the low signal intensities and the fact that the enzyme
content can only be estimated, is lower than that found for the native
enzyme. This together with the UV- and NMR-data confirms the in-
corporation of the enzymes within the PNAGA networks.
DLS analysis of PNAGA and BG-PNAGA microgels shows that the
polymerization at room temperature results in microgels with intensity
average Dh below 100 nm compared with the size of the native enzyme
with Dh around 10 nm, Fig. 4. The increased amount of crosslinker in
the feed results in larger sized microgels as observed earlier for poly-
acrylamide coated nanogels [10]. Upon heating, size increase related to
the phase transition of PNAGA can be seen. The size change occurs
monotonously for all the studied microgels. When the pure enzyme is
studied using the same heating protocol, a clear size increase due to
aggregation is observed at around 50 °C. Upon further heating a drastic
aggregation takes place, which is not observed in the case of enzyme
encapsulated microgels.
3.2. Enzymatic activity
In Fig. 5 the enzymatic activity at different pH for the free and
immobilized enzymes are compared by studying the p-nitrophenyl-β-D-
glucopyranoside cleavage reaction at 40 °C. The optimal pH for enzy-
matic activity of BG sourced from almonds is reported to be at pH 5.6
[29] and in the present case the maximum activity is found at pH of 6.1.
For the microgel immobilized BGs the optimal activity shifts to pH 7. At
the respective optimal pH of the native enzyme and BG-PNAGA samples
their enzymatic activities are generally on the same level. When the
activities of the enzymes encapsulated in the microgels are compared,
the activity follows the BG:PNAGA ratio used in the synthesis. Here it
should be emphasized that the activity calculations of the immobilized
enzymes are based on the feed ratio of the enzyme in the microgels.
Thus the values do not necessarily represent the actual content of the
enzyme leading to underestimation of the enzymatic activity in the case
of BG-PNAGA microgels.
When studied at lower pH the enzymatic activity quickly decreases
for all the samples. However, notable differences between the free en-
zyme and BG-PNAGA are observed when at high pH. While the free
enzyme loses its enzymatic activity upon increasing pH, the im-
mobilized enzymes retain their activity better. Of the studied enzyme
microgels, the highest crosslinker containing BG-PNAGA6 shows en-
hanced stability up to pH 10, exhibiting still 25% activity compared to
the activity at optimal pH.
The enzymatic activity was then assessed at pH 6.1 at different
temperatures for the free enzyme and BG-PNAGA6, Fig. 6. The catalytic
activity increases with temperature in both samples, but the native
enzyme shows more pronounced increase in activity than the microgel
immobilized one. Similar temperature trend was reported for cova-
lently immobilized lipase B on UCST-type poly(acrylamide-co-acrylo-
nitrile) particles up to the optimal temperature of 55 °C [26] when
compared to the free enzyme. It thus appears that even though the
thermosensitive UCST-polymers swell upon heating, the immobilization
imposes diffusion limitations compared to the free enzymes. However,
compared with the more frequently reported LCST-type polymer-en-
zyme hybrids, where often a drop in catalytic activity is observed
around or above phase transition [15,16,23,24], the situation is im-
proved.
As UCST-type polymers may be suited for a mild recovery by
cooling down followed by separation of the reactants, we attempted to
recycle the enzyme microgels. However, a significant drop in enzymatic
activity was noted at each recycling round. While enzyme inactivation
by for example by mechanical stress imposed on the enzymes due to
thermally induced swelling/contraction could explain the behavior, we
attribute this mainly to the dilute concentration in the assay that leads
to incomplete sedimentation of the microgels upon cooling.
In order to make the microgels capable for cascade catalysis, silver
nanoparticles (AgNP) were added inside BG-PNAGA6 microgel by re-
duction of AgNO3. TEM images of the pure PNAGA microgels, BG-
PNAGA6 and Ag-BG-PNAGA6 are shown in Fig. 7. The microgels
without AgNPs can be seen as similar sized objects as observed by DLS.
Due to the similar contrast of the enzyme and the PNAGA network, no
details of the enzyme encapsulation can be deduced from the TEM
images. However, for AgNP containing microgels, similarly as with
PNAGA microgels reported earlier [19], multiple AgNPs with size
around 5–10 nm are formed inside the microgel particles.
The cascade catalysis was then tested using a protocol where the
enzymatic pNPG cleavage was first allowed to proceed producing 4-
nitrophenol as the reaction product. The AgNPs further reduce the 4-
nitrophenol to 4-aminophenol by addition of NaBH4 as a cocatalyst.
Thus, at a predetermined time NaBH4 was added and the reaction fol-
lowed by UV, Fig. 8. First, pure BG and BG-PNAGA6 were studied using
the same protocol to rule out the possibility of 4-nitrophenol catalysis
without the AgNPs, Fig. 8A. The addition of NaBH4 abruptly increases
the absorption, but β-D-glucosidase and BG-PNAGA6 do not show any
further catalytic activity. As a control experiment, NaBH4 was added to
pNPG solution, Figure S3. No abrupt spectral changes are observed
without the enzymatically cleaved 4-nitrophenol present.
When catalysis by the AgNP containing Ag-BG-PNAGA6 microgel is
studied, Fig. 8B, the abrupt intensity increase takes place upon NaBH4
addition. However, after a short induction time, Ag-BG-PNAGA6 re-
duces the 4-nitrophenol completely. To demonstrate that the close
30 40 50 60 70 80 90
Temperature / oC
0.5 JK-1g-1
Fig. 3. Concentration normalized thermograms of BG and the microgels 1) BG
(1 mg/ml) 2) PNAGA microgel (7 mg/ml) (3) mixture of PNAGA microgel and
BG (1 mg/ml, mass ratio = 1:1) 4) BG-PNAGA6 (6 mg/ml). The highlighted
areas are to guide the eye.
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proximity of the enzyme and chemocatalyst is a necessity for fast re-
action kinetics, the same reaction was made using a mixture of BG-
PNAGA6 and Ag-PNAGA microgels. As shown in Fig. 8B, when the two
catalysts reside in different microgels, the induction time for the AgNP
catalyzed reduction of 4-nitrophenol is significantly longer.
To sum up, the results demonstrate that the immobilization of the
enzyme into the UCST-type thermosensitive microgels stabilizes them
against temperature induced aggregation and increases their activity at
high pH. By combining metal nanoparticles into such hybrid microgels
cascade catalyses can be realized.
4. Conclusions
β-D-glucosidase was immobilized to crosslinked polymeric micro-
gels of poly(N-acryloylglycinamide), PNAGA, varying the degree of
crosslinking and enzyme to polymer ratio. Room temperature radical
polymerization of N-acryloylglycinamide in the presence of enzymes
resulted in hybrid microgels with hydrodynamic diameter below
100 nm at room temperature. Due to the UCST-type of phase transition
of PNAGA, the microgels shrink upon cooling and swell upon heating.
During heating, the swelling, as well as enzyme unfolding are
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accompanied with broad endothermic transitions. The aggregation of
BG at elevated temperature was suppressed in the case of the microgel
encapsulated enzymes. The enzyme unfolding temperatures increased
and the enthalpy of the enzyme unfolding decreased compared to the
free enzyme. The enzymatic activity of the enzymes packed in the mi-
crogels was assessed under different conditions using a model com-
pound p-nitrophenyl-β-D-glucopyranoside, pNPG. The immobilized
enzymes showed comparable activity to the native enzyme at neutral
and acidic pH, but retained higher activity at basic pHs. Higher cross-
linking degree of the polymeric shell shielded the enzymes and im-
proved their catalytic activity at basic pH. Bicatalytic microgels were
produced by adding silver nanoparticles inside the enzyme containing
gel particles. The microgels were used in a cascade reaction of enzy-
matic cleavage of pNPG followed by AgNP catalyzed reduction of the
cleavage product 4-nitrophenol to 4-aminophenol.
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